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Abstract

Background and Purpose: To further the development of new agents for the treatment of
adrenocortical carcinoma (ACC), we characterized the molecular and cellular mechanisms
of cytotoxicity by the adrenalytic compound ATR-101 (PD132301-02).

Experimental Approach: We compared the effects of ATR-101, PD129337, and ABC
transporter inhibitors, on cholesterol accumulation and efflux, on cortisol secretion, on ATP
levels, and on caspase activation in ACC-derived cell lines. We examined the effects of
these compounds in combination with methyl-B-cyclodextrin and with exogenous
cholesterol to determine the roles of altered cholesterol levels in the effects of these

compounds.

Key Results: ATR-101 caused cholesterol accumulation, ATP depletion, and caspase
activation within 30 minutes after addition to ACC-derived cells, whereas PD129337 did
not. Suppression of the cholesterol accumulation by methyl-p-cyclodextrin, as well as by
exogenous cholesterol, prevented ATP depletion and caspase activation by ATR-101. ATR-
101 blocked cholesterol efflux as well as cortisol secretion, suggesting that it inhibited
ABCA1, ABCG1, and MDR1 ABC transporters. Combinations of ABCAL, ABCG1, and
MDR1 inhibitors were also cytotoxic. Combinations of ATR-101 with inhibitors of
ABCG1, MDR1, or mitochondrial functions had increased cytotoxicity. Inhibitors of
steroidogenesis reduced ATP depletion by ATR-101, whereas U18666A and ATR-101 in
combination enhanced cholesterol accumulation and ATP depletion. ATR-101 repressed
ABCA1, ABCG1, and IDOL transcription by mechanisms that were distinct from the

mechanisms that caused cholesterol accumulation.

Conclusions and Implications: Multiple molecular mechanisms, including the inhibition of
ABC transporters and the consequent accumulation of cholesterol mediated the cytotoxicity
of ATR-101. These mechanisms inhibited ACC cell growth and cortisol secretion, which
are associated with the mortality and morbidity of ACC. Compounds that effectively inhibit
these functions in tumors are likely to be useful in the treatment of ACC.
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Abbreviations

ABCAL: ATP-binding cassette transporter A1, ABC1, CERP

ABCG1: ATP binding cassette transporter G1, ABC8

ACAT: acyl-coenzyme A cholesterol: acyltransferase, sterol O-acyltransferase, SOAT
ACC: adrenocortical carcinoma

ATR-101: 1-[[1-[4-(dimethylamino)phenyl]cyclopentyl]methyl]-3-[2,6-di(propan-2-
yl)phenyl]urea;hydrochloride, PD132301-02, CI-984

MBCD: methyl-B-cyclodextrin

MDRZ1: multiple drug resistance protein 1, ABCB1, P-glycoprotein, P-gp
NBD-cholesterol: 22-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-23,24-bisnor-5-cholen-
3pB-ol

PD129337: 1-[2,6-di(propan-2-yl)phenyl]-3-[(1-phenylcyclopentyl)methyl]urea
U18666A: 3p-(2-diethylaminoethoxy)-5-androsten-17-one; (3S,8R,9S,10R,13S,14S)-3-[2-
(diethylamino)ethoxy]-10,13-dimethyl-1,2,3,4,7,8,9,11,12,14,15,16-
dodecahydrocyclopenta[a]phenanthren-17-one;hydrochloride

Introduction

Control of the cholesterol* level is essential for cell functions and viability (reviewed
in Maxfield and van Meer, 2010). The cholesterol level of adrenocortical cells is affected by
many pathways, some of which are unique to the adrenal cortex. Studies of anti-
atherosclerosis agents identified compounds that cause selective degeneration of the adrenal
cortex (adrenalytic activity) in several species (Dominick et al., 1993; Reindel et al., 1994;
Matsuo et al., 1996; Sliskovic et al., 1998; Tanaka et al., 1998). We investigated the
adrenalytic compound ATR-101, also known as PD132301-02, as a prospective agent for the
treatment of adrenocortical carcinoma (ACC). We focus on ATR-101 because of its
cytotoxicity in ACC-derived cells and its anti-xenograft and adrenalytic activities (Cheng et
al., 2016).

! The term cholesterol in the manuscript refers to unesterified cholesterol.
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ACC is a rare cancer that has few treatment options. The adrenalytic compound
mitotane is a first-line drug for ACC treatment despite its poor efficacy, unfavorable
pharmacokinetics, severe side effects, and potential drug interactions (Maiter et al., 2016).
Clinical trials of molecularly targeted agents have not demonstrated therapeutic benefit for
ACC patients (reviewed in Creemers et al., 2016). The differences in the genetic and
epigenetic changes among different ACC tumors suggest that different molecular
mechanisms underlie the malignancy of different ACC tumors (Assie et al., 2014; Zheng et
al., 2016). Adrenalytic compounds can potentially be used for the treatment of ACCs that
have different determinants of malignancy.

ATR-101 inhibits the establishment and impedes the growth of ACC cell xenografts
in nude mice (Cheng et al., 2016). The inhibition of xenograft growth in animals that are
administered ATR-101 correlates with increased apoptosis of xenograft cells. ATR-101
causes mitochondrial dysfunctions in ACC-derived cells and reactive oxygen toxicity in
cultured cells and in the zona fasciculata layer of the guinea pig adrenal cortex (Cheng et al.,
2016).

The tissue-specific toxicity of adrenalytic compounds correlates with cholesterol
accumulation. The cholesterol level of guinea pig adrenal glands rises within an hour after
ATR-101 administration and increases 3-fold in 24 hours (Wolfgang et al., 1995). ATR-101
toxicity-in cynomologous monkeys is limited to cholesterol-rich tissues, including the
adrenal cortex, the corpus luteum, and sebaceous glands (Reindel et al., 1994). Low density
lipoprotein deficient rabbits are resistant to the adrenalytic effect of FR145237 (Matsuo et
al., 1996).. The mechanisms whereby ATR-101 causes cholesterol accumulation and their
roles in ATR-101 cytotoxicity were unknown.

The adrenal cortex has high rates of cholesterol uptake, synthesis, trafficking,
metabolism and efflux that must be balanced to support steroidogenesis and to prevent the
accumulation of toxic levels of cholesterol (reviewed in Miller and Bose, 2011). Cholesterol
is imported from low density lipoprotein particles at a steady-state rate that depends on the
level of low density lipoprotein receptors (reviewed in Goldstein and Brown, 2009).
Cholesterol from high density lipoprotein particles enters steroidogenic cells through
diffusion that is facilitated by the SR-BI receptor (Reaven et al., 2001). Adrenal glands and

This article is protected by copyright. All rights reserved.



testes have a unique cholesterol biosynthetic pathway to ensure cholesterol availability for
steroidogenesis (Mitsche et al., 2015).

Adrenocortical cells must respond rapidly to stress and to other signals that induce
steroidogenesis within minutes after a stimulus (Bose et al., 2002; Fallahsharoudi et al.,
2015). Many inhibitors of steroidogenesis cause a rapid increase in the cholesterol content
of the-adrenal glands or of cultured adrenocortical cells (DiBartolomeis et al., 1986; Lehoux
and Lefebvre, 1991; Shiera et al., 2015). Some compounds increase both cholesterol and
cholesteryl ester levels, indicating that that the increases in cholesterol levels do not require
the inhibition of cholesterol esterification (Brecher and Hyun, 1978; Lehoux and Lefebvre,
1991; Pandey and Rudraiah, 2015). Consequently, changes in the amount of cholesterol
consumed by steroidogenesis are not be buffered by changes in cholesterol ester storage.

Cholesterol trafficking is required both for the maintenance of appropriate
cholesterol levels of different cell membranes and for cholesterol efflux (reviewed in Ikonen,
2008). - ATP-binding cassette (ABC) transporters (ABCA1, ABCG1, MDR1) regulate the
vesicular trafficking of cholesterol between different membranes (Debry et al., 1997; Luker
et al., 1999; Tarling and Edwards, 2011; Yamauchi et al., 2015). Disruptions to cholesterol

trafficking contribute to cholesterol accumulation and toxicity in several human diseases
(reviewed in Vanier, 2010; Porto, 2014; Sahakitrungruang, 2015).

Cholesterol efflux is controlled by the active transport of cholesterol to extracellular
acceptors by ABC transporters. The ABCAL and ABCGL1 transporters are thought to be the
principal conduits for cholesterol export from macrophages (Wang et al., 2007; Out et al.,
2008). ABCA1 and ABCGL1 are enriched in the adrenal cortex, yet no adrenocortical
dysfunction was reported in Abcal/Abcgl double knockout mice (Out et al., 2008).
Different phenotypes have been reported for Abcal single knockout mice (Christiansen-
Weber et al., 2000; McNeish et al., 2000; Orso et al., 2000). It is possible that compensatory
effects of other transporters or differences in genetic backgrounds or mouse husbandry affect
the phenotypes that are produced by Abcal and/or Abcgl ablation.

The multiple drug resistance protein 1/P-glycoprotein (MDR1/P-gp), also known as
ABCBLI, can influence both cholesterol levels and steroid secretion. Cells that overexpress

MDR1 have higher levels of cholesterol uptake and cholesterol ester storage (Luker et al.,
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1999; Tessner and Stenson, 2000). Ectopically expressed MDR1 does not increase
cholesterol efflux in HEK293, HeLa, or 77.1 cells (Le Goff et al., 2006; Morita et al., 2007).
MDR1 is required to maintain normal circulating corticosterone levels in mice and for
steroid secretion by mouse adrenocortical cells (Altuvia et al., 1993; Muller et al., 2003) . It
is not known if the effects of MDRL1 on cholesterol levels and on steroid secretion are direct
and independent or each other, or if these effects are indirect consequences of a single
molecular function of MDR1.

Acyl-coenzyme A cholesterol: acyltransferase (ACAT) inhibition was proposed to
cause cholesterol accumulation and cytotoxicity in ACC cell lines (Sbiera et al., 2015;
LaPensee et al., 2016). Most ACAT inhibitors do not cause cholesterol accumulation or
cytotoxicity under normal cell culture conditions, and differences in the ACAT inhibitory
activities of different compounds do not correlate with differences in cytotoxicity (Jungquero
et al., 2001; Rodriguez and Usher, 2002; An et al., 2008; Pokhrel et al., 2012). Only a small
proportion of ACAT inhibitors have adrenalytic activity, even though many of them reduce
serum cholesterol levels in animals (reviewed in Sliskovic et al., 2002). No adverse events
related to adrenocortical damage were reported in phase Il or phase 111 clinical trials of
ACAT inhibitors (Tardif et al., 2004; Meuwese et al., 2009). Ablation of the gene encoding
ACAT1 in mice eliminates cholesterol esterification in the adrenal cortex, but it does not
cause adrenocortical damage, altered corticosteroid levels, or cholesterol accumulation in the
adrenals (Meiner et al., 1996). It is therefore unlikely that ACAT inhibition is sufficient to
cause cytotoxicity or adrenalytic activity.

The roles of cholesterol uptake, synthesis, trafficking, storage, metabolism and
efflux in the control of the cholesterol levels in ACC cells are not well understood. We
investigated the effects of ATR-101 and of non-adrenalytic ACAT inhibitors on several
pathways that can affect the cholesterol levels of adrenocortical cells. We found that the
inhibition of cholesterol efflux and of steroidogenesis were the principal mechanisms that
correlated with cytotoxic cholesterol accumulation in ACC-derived cells cultured with ATR-
101. The combined cytotoxic and anti-steroidogenic effects of ATR-101 in ACC cells have

the potential to provide dual benefits in the treatment of ACC.
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Methods

Cell culture conditions

H295R and BD140C cells were cultured in DMEM without glucose (Gibco) supplemented
with 10 mM galactose, 5% FBS, 0.1 mg/ml penicillin-streptomycin, 2 mM L-glutamine, 5
mM sodium HEPES, 1 mM sodium pyruvate, and the compounds indicated in each
experiment. In experiments that examined the effects of compounds in the absence of
cholesterol in the medium, the medium of cells that were cultured under standard conditions
was replaced with serum-free medium containing the indicated compounds. The cells were
cultured in serum-free medium for the indicated time, and were analyzed using the same
protocols that were used for cells that were cultured in serum-containing medium.
Visualization of cholesterol levels and of cholesterol esterification

The cells were seeded in 96-well ibiTreat u-Plates and allowed to adhere for 48 h prior to the
start of each experiment. The compounds indicated in each experiment were added, and the
cells were cultured for the time indicated. After fixation, cholesterol was detected by
incubating the cells with 100 pg/ml filipin 11 at 37 C for 2 h. The bound filipin 111 was
imaged by fluorescence microscopy using 377/11 nm excitation and 447/60 nm emission
wavelengths. Images were captured using either a 4X or a 60X objective. Cholesterol
esterification was visualized by culturing the cells with the indicated compounds followed
by incubation with 1 uM NBD-cholesterol for 2 h. NBD-cholesterol esters were imaged by
fluorescence microscopy using 485/20 nm excitation wavelengths. Images were captured
using either a 20X or a 60X objective.

ATP and caspase 3/7 assays

The ATP levels of cells were measured by lysis in CellTiter-Glo reagent (Promega), and
measurement of the luminescence. The caspase 3/7 activities of cells were measured by lysis
in Apo-ONE reagent (Promega) and measurement of the fluorescence.

Extracellular cholesterol, cholesterol efflux, cortisol secretion and doxorubicin
clearance

To quantify total extracellular cholesterol that was associated with cells, we measured the
total amount of cholesterol that was dislodged from cells during a brief wash. After
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culturing cells with the indicated compounds, the culture medium was removed. Medium
lacking cholesterol was added to the cells, and the wash medium was collected after 30
seconds. To establish if the cholesterol that was released from the cells was exported by
ABCAL1, the wash step was performed in parallel using media with and without 50 uM
glibenclamide, which inhibits ABCA1 activity. The total amount of cell-associated
cholesterol that was released into the wash medium was measured using a fluorometric
enzyme-linked assay (Cayman Chemical). Cholesterol esters were hydrolyzed using
cholesterol esterase. Cholesterol was oxidized by cholesterol oxidase, producing hydrogen
peroxide. The hydrogen peroxide was reacted with 10-acetyl-3,7-dihydroxyphenoxazine
(ADHP) inthe presence of horseradish peroxidase to produce resorufin. Resorufin
fluorescence was measured using 555 nm exitation and 590 nm emission wavelengths in a
SpectraMax M5 microplate reader (Molecular Devices).

Cholesterol efflux was measured by replacing the culture medium with serum-free
medium supplemented with 5 ng/ml apoAl (Sigma) and the indicated compounds. After the
indicated time, the serum-free medium was collected, and the total cholesterol concentration
was measured using the fluorometric enzyme-linked assay (Cayman Chemical).

Cortisol secretion was measured by replacing the culture medium with fresh medium
containing the indicated compounds. The medium was collected at the indicated times. The
cortisol concentration in the medium was measured using indirect ELISA (Arbor Assays).

Doxorubicin was imaged by fluorescence microscopy in live cells using 485/20 nm
excitation wavelengths and either a 10X or 20X objective.

Transcript measurement

MRNA was isolated (Qiagen), and was reverse transcribed using the Transcriptor First
Strand cDNA synthesis kit (Roche). The relative amounts of cDNAs corresponding to the
indicated transcripts were quantified using gPCR assays with specific primers (Table S1).
Data analysis

The data were analyzed using GraphPad Prism v7.00 software. Data are shown as means +
2 SDs.- The number of samples included in each analysis is indicated in each figure legend

and refers to separate cultures of cells from the number of experiments indicated in the
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legend. Groups that were used for statistical analysis included at least five samples.
Technical replicates were performed to ensure the reliability of the measurements, and were
not included in the analysis of variance. A P value < 0.05 was interpreted to indicate
statistical significance. The results of all statistical tests are shown in the supplementary

information.

Materials

Pharmacological reagents

ATR-101 was synthesized and purified as described (Trivedi et al., 1994; Cheng et al.,
2016). Other compounds were purchased from the vendors listed in the supplemental
information.

Sources of cultured cells

H295R cells were obtained from ATCC and were validated by analysis of their
corticosteroid profile. BD140C cells were obtained from Kimberly Bussey (Tgen, Arizona).
Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS
Guide to PHARMACOLOGY (Southan et al., 2016), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015a; Alexander et al.,
2015b; Alexander et al., 2015¢).
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Results
Roles of cholesterol accumulation versus the inhibition of cholesterol esterification in
ATR-101 cytotoxicity

Since ATR-101 causes cholesterol accumulation and ATP depletion in the adrenal
glands of guinea pigs as a harbinger of adrenalytic activity, we examined the effects of
ATR-101 on cholesterol and ATP levels as well as on caspase 3/7 activities in ACC-derived
cells. Cholesterol accumulation was detected 15 minutes after ATR-101 addition to H295R
cells (Fig. 1A, S1A). ATP depletion and caspase activation were detected 30 and 15 minutes
after ATR-101 addition, respectively (Fig. 1B). The rapid accumulation of cholesterol, ATP
depletion, and caspase activation upon ATR-101 addition to cells indicate that these effects

of ATR-101 were causes rather than consequences of ATR-101 cytotoxicity.

To investigate the specificity of the effect of ATR-101 on cholesterol accumulation,
we compared the effects of ATR-101 and PD129337 in ACC-derived cell lines. ATR-101
and PD129337 have closely related molecular structures and both of them inhibit ACAT
activity, but only ATR-101 has adrenalytic activity (Trivedi et al., 1993; Trivedi et al.,
1994). ATR-101 caused cholesterol accumulation in or near the plasma membrane of both
H295R and BD140C cells (Fig. 1C). PD129337 did not cause cholesterol accumulation,
even when it was added at a five-fold higher concentration than ATR-101 (Fig. 1C).

To evaluate the specificity of the effects of ATR-101 on ATP depletion and caspase
activation, we compared the effects of ATR-101 and PD129337 in ACC-derived cell lines.
ATR-101 reduced the ATP level and increased the caspase 3/7 activity of H295R and
BD140C cells (Fig. 1D). The concentrations of ATR-101 that caused ATP depletion and
caspase activation were similar to those that caused cholesterol accumulation both in H295R
and in BD140C cells. PD129337 did not reduce the ATP level or increase the caspase 3/7
activity, even when it was added at a five-fold higher concentration than ATR-101 for up to
24 hours (Fig. 1D, S1B). ATR-101 therefore caused cholesterol accumulation, ATP
depletion and caspase activation by specific mechanisms that required structural
determinants that are not present in PD129337.
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To evaluate the potential roles of cholesterol accumulation versus ACAT inhibition
in ATR-101 cytotoxicity, we compared the effects of ATR-101 and PD129337 on
cholesterol esterification, the ATP level, and caspase 3/7 activity in ACC-derived cell lines.
Both ATR-101 and PD129337 inhibited NBD-cholesterol esterification and accumulation in
lipid droplets in H295R and BD140C cells (Fig. 1E). PD129337 inhibited cholesterol
esterification more efficiently than ATR-101 did, consistent with its lower ACAT inhibitory
coefficient (Fig. S1C) (Trivedi et al., 1993; Trivedi et al., 1994). However, PD129337 did
not cause ATP depletion or caspase activation at any concentration tested (Fig. 1D). The
concentration of ATR-101 that was required for ATP depletion and caspase activation was
more than two orders of magnitude higher than the concentration that inhibited cholesterol
esterification (Fig. 1D). ACAT inhibition alone therefore did not cause cytotoxicity in these
ACC-derived cells.

Effects of cholesterol sequestration and of exogenous cholesterol on ATR-101

cytotoxicity.

To determine if cholesterol accumulation was required for ATR101 cytotoxicity, we
evaluated the effects of cholesterol sequestration by methyl-p-cyclodextrin (MBCD) on ATP
depletion and caspase activation by ATR-101. Addition of MBCD together with ATR-101
prevented cholesterol accumulation in H295R cells (Fig. 2A, S2A). MBCD also prevented
ATP depletion and caspase activation both at 4 h and 24 h after ATR-101 addition to H295R
cells (Fig. 2B, S2B). Cells that were cultured with ATR-101 alone were small and rounded,
whereas cells that were cultured with ATR-101 in the presence of MBCD remained flat and
adherent for at least 30 h (Fig. S2E). MBCD alone had little effect on the ATP level, the
caspase 3/7 activity, or the morphology of H295R cells (Fig. 2B, S2B, S2E). MBCD did not
eliminate all effects of ATR-101, indicating that it did not prevent ATR-101 entry into cells
or effects that were independent of cholesterol accumulation (Fig. S2F, 4D).

We examined the effects of adding exogenous cholesterol together with ATR-101 to
H295R cells. Unexpectedly, cells that were cultured with ATR-101 together with low
concentrations of exogenous cholesterol had lower intracellular cholesterol levels than cells
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that were cultured with ATR-101 alone for 4 h or 24 h (Fig. 2C, S2A). Consistent with the
decrease in intracellular cholesterol, the addition of exogenous cholesterol partially restored
the ATP level of cells that were cultured with ATR-101 (Fig. 2D, S2C). Exogenous
cholesterol also reduced caspase activation in cells that were cultured with ATR-101 for 24
(Fig. 2D). Cells that were cultured with ATR-101 in the presence of exogenous cholesterol
remained flat and adherent for at least 30 h, whereas cells that were cultured with ATR-101
alone were small and rounded (Fig. S2E). Exogenous cholesterol alone had no detectable
effect on the cholesterol level, the ATP level, the caspase 3/7 activity, or morphology of
H295R cells (Fig. 2C, 2D, S2A, S2C, S2E). The reduction in the intracellular cholesterol
level of cells that were cultured with ATR-101 upon addition of exogenous cholesterol
correlated with an increase in total cell-associated extracellular cholesterol (see Fig. 2E, 2F
below). In contrast to exogenous cholesterol, exogenous cholesterol linoleate did not
prevent the accumulation of cholesterol or ATP depletion caused by ATR-101 (Fig. S2A,
S2D). Moderate cholesterol:MBCD concentrations also reduced ATP depletion by ATR-
101, whereas high cholesterol:MBCD concentrations increased the cholesterol level and
caused ATP depletion both alone and in combination with ATR-101 (Fig. S2H, S2I). The
suppression of ATR-101 dependent cholesterol accumulation, ATP depletion and caspase
activation by exogenous cholesterol corroborated the essential role of cholesterol
accumulation in ATR-101 cytotoxicity.

To establish if exogenous cholesterol affected ATR-101 entry into the cells or
cholesterol esterification, we tested the effects of exogenous cholesterol on NBD-cholesterol
esterification in the presence and absence of ATR-101. There was no significant difference
in NBD-cholesterol esterification, or in its inhibition by ATR-101, between cells that were
cultured in the presence and in the absence of exogenous cholesterol (Fig. S2G).

The consistent relationship between cholesterol accumulation and ATP depletion in
cells that were cultured with ATR-101 alone, and the suppression of cholesterol
accumulation and the prevention of ATP depletion by MBCD as well as by exogenous
cholesterol, support the hypothesis that cholesterol accumulation is necessary for ATR-101

cytotoxicity.
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Cholesterol crystallization at the plasma membrane of cells that are cultured with
ATR-101

We observed that H295R cells that were cultured with ATR-101 were associated
with crystals that emanated from the cell membrane (Fig. 2E). These needle-shaped crystals
were similar to cholesterol crystals that are associated with cholesterol-loaded macrophages
as well as other cells with high cholesterol levels (Kellner-Weibel et al., 1999). H295R cells
that were grown with ATR-101 in combination with MBCD did not produce crystals,
consistent with sequestration of the cholesterol by MBCD (Fig. S2A).

H295R cells that were cultured with ATR-101 in combination with exogenous
cholesterol produced more extracellular crystals than cells that were cultured with ATR-101
or exogenous cholesterol separately (Fig. S2G). We quantified the total extracellular
cholesterol that was associated with cells that were cultured with ATR-101 and exogenous
cholesterol separately and in combination as described in the methods. ATR-101 and
extracellular cholesterol increased the total extracellular cholesterol that was associated with
H295R cells (Fig. 2F). The concurrent increase in cholesterol crystals and decrease in
intracellular cholesterol caused by exogenous cholesterol in the presence of ATR-101
suggests that exogenous cholesterol reduced intracellular cholesterol accumulation by
facilitating cholesterol crystallization at the plasma membrane. The total amount of
extracellular cholesterol that was associated with cells after 4 h culture with ATR-101 and
exogenous cholesterol was larger than the total amount of cholesterol that was exported
from control cells in the same time (Fig. 2F). The passive discharge of cholesterol was
therefore sufficient to prevent intracellular cholesterol accumulation in the presence, but not

in the absence of exogenous cholesterol.

ATR-101 effects on cholesterol accumulation and on the ATP levels of cells that are
cultured-without serum cholesterol
We examined the effects of ATR-101 on cholesterol accumulation, ATP depletion

and caspase activation in H295R cells that were cultured in serum-free medium to determine
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the influence of cholesterol in the medium on ATR-101 cytotoxicity. The medium was
replaced with serum-free medium with or without ATR-101, and the cells were cultured for
4 h. Cells that were cultured in with ATR-101 in serum-free medium had higher cholesterol
levels than cells that were cultured in serum-free medium lacking ATR-101 (Fig. 3A).
ATR-101 caused ATP depletion and caspase activation with the same potency in cells that
were cultured in serum-free medium as in cells cultured under standard conditions (Fig. 3B).
MBCD suppressed ATP depletion and caspase activation by ATR-101 in serum-free
medium. Cholesterol accumulation was therefore required for ATP depletion and for
caspase activation by ATR-101 also in cells that were cultured in serum-free medium.
Excess cellular cholesterol can therefore mediate ATR-101 cytotoxicity even when the cells

are cultured with ATR-101 in the absence of serum cholesterol.

ATR-101 effects on cholesterol efflux

To identify potential causes of cholesterol accumulation in cells that were cultured
with ATR-101, we measured the rates of cholesterol efflux from H295R cells in the
presence and in the absence of ATR-101. H295R cells that were cultured without ATR-101
produced a linear increase in the total cholesterol concentration of the culture medium over 4
hours (Fig. 3C). ATR-101 inhibited cholesterol efflux, and there was no detectable increase
in the cholesterol concentration of the medium of cells that were cultured with ATR-101
(Fig. 3C). The concentration of ATR-101 that inhibited cholesterol efflux was similar to the
concentrations that caused cholesterol accumulation, ATP depletion, and caspase activation
(Fig. 3D). In contrast, PD129337 had no detectable effect on cholesterol efflux. The
concurrent decrease in total soluble cholesterol that was exported to the culture medium and
the increase In cell-associated cholesterol indicate that ATR-101 redirected the pathways for
cholesterol discharge from cells. ATR-101 inhibited cholesterol efflux to soluble lipoprotein
particles, which requires active export by ABC transporters, and caused an increase in
passive extrusion of crystalline and cell-associated cholesterol (Fig. 3D, 2F).

We compared the effect of ATR-101 on cholesterol efflux with the effects of known
ABC transporter inhibitors. Glibenclamide blocked cholesterol efflux in H295R cells at a
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concentration that inhibits ABCAL (50 uM; Fig. 3D) (Nieland et al., 2004). Benzamil did
not reduce cholesterol efflux from H295R cells at concentrations that inhibit ABCG1 and
that caused cholesterol accumulation in H295R cells (50 uM; Fig. 3D, S5C) (Cserepes et al.,
2004). Verapamil did not reduce cholesterol efflux at a concentration that inhibits MDR1
and that caused doxorubicin accumulation in H295R cells (50 uM; Fig. 3D, S4C) (Bentz et
al., 2013). More than 10-fold higher concentrations of verapamil and benzamil were
required to inhibit cholesterol efflux and to cause ATP depletion than are required to inhibit
MDR1 and ABCG1, respectively.

We compared the effects of individual ABC transporter inhibitors on cholesterol
accumulation and on the ATP level of H295R cells. Glibenclamide did not cause
cholesterol accumulation and did not reduce the ATP level of cells (Fig. 3D, S3A).
Verapamil and benzamil caused cholesterol accumulation, but did not reduce the ATP levels
of H295R cells at the concentrations that inhibit ABCG1 and MDR1 activity, respectively
(Fig. S3A, S5C, 3D, S4C) (Cserepes et al., 2004; Bentz et al., 2013). The inhibition of
cholesterol efflux was neither sufficient nor necessary to cause cholesterol accumulation,
and cholesterol accumulation was not sufficient to cause ATP depletion in ACC-derived
cells.

We tested if the inhibition of cholesterol efflux by ATR-101 required ATP depletion.
Olesoxime reduced ATP depletion by ATR-101, but it had no detectable effect on the
inhibition of cholesterol efflux by ATR-101 from the same cells, indicating that the
restoration of a nearly normal ATP level did not restore cholesterol efflux (Fig. 3E).
Glucose and a-tocopherol also restored the ATP level, and did not restore cholesterol efflux
(Fig. S3C).

ATR-101 effects on cortisol secretion and on doxorubicin clearance

We measured cortisol secretion from cells that were cultured with ATR-101 to
determine the effect of ATR-101 on ABC transporters that export cholesterol metabolites.
H295R cells that were cultured without ATR-101 produced a linear increase in the cortisol

concentration of the medium over 8 hours (Fig. 4A). ATR-101 inhibited cortisol secretion at
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the earliest time when cortisol secretion was detected 4 h after ATR-101 addition to the
cells. ATR-101 blocked both basal and forskolin-stimulated cortisol secretion as efficiently
as the MDRL1 inhibitor verapamil (Fig. 4A, S4A). The same concentration of ATR-101
inhibited cortisol secretion as was required to cause cholesterol accumulation, caspase
activation and ATP depletion in H295R cells (Fig. 4B). PD129337 did not reduce, but
rather-increased, cortisol secretion at concentrations that were up to 5-fold higher than the
concentration of ATR-101 that inhibited cortisol export. ACAT inhibition alone did not
reduce cortisol secretion. ATR-101 therefore inhibited cortisol secretion by mechanisms
that required specific functional groups that are not present in PD129337.

We investigated if the inhibition of cortisol secretion by ATR-101 required ATP
depletion. Exogenous cholesterol as well as a-tocopherol restored normal or nearly normal
ATP levels, but neither compound prevented the inhibition of cortisol secretion by ATR-101
in the same cells (Fig. 4C).

To determine if ATR-101 inhibits MDR1 activity using an independent assay, we
measured the accumulation of doxorubicin in H295R cells that were cultured in medium
containing doxorubicin with or without ATR-101. The level of doxorubicin fluorescence
was 5-fold higher in H295R cells that were cultured with doxorubicin in the presence of
ATR-101 for 2h than in control cells (Fig. 4D). ATR-101 caused doxorubicin accumulation
in the presence of MBCD, indicating that ATR-101 inhibited doxorubicin clearance

independently of cholesterol accumulation or ATP depletion.

Cytotoxicity and cholesterol accumulation by combinations of ABC transporter
inhibitors

Since ATR-101 inhibited both cholesterol, cortisol and doxorubicin export, and since
the inhibition of individual ABC transporters did not cause ATP depletion, we hypothesized
that the simultaneous inhibition of several ABC transporters was required for ATR-101
cytotoxicity. We tested the effects of different combinations of ABC transporter inhibitors
on the ATP levels and on the caspase 3/7 activities of H295R cells. Glibenclamide

benzamil and zosuquidar in combination reduced the ATP level and increased the caspase
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3/7 activity of the cells (Fig. 5A). When any one of the ABC transporter inhibitors was
omitted, no decrease in the ATP level was detected, and the caspase 3/7 activity was
reduced. Similarly, glibenclamide , benzamil and verapamil in combination caused ATP
depletion in H295R cells, but the pairwise combinations had only a partial effect (Fig. S5A).
Thus, the simultaneous inhibition of ABCAL, ABCG1, MDR1, and potentially other targets
of verapamil, zosuquidar, benzamil and glibenclamide, was required to mimic the effects of
ATR-101 on the ATP level and on the caspase 3/7 activity of H295R cells.

Glibenclamide, benzamil, and zosuquidar increased the cholesterol level of H295R
cells (Fig. 5B). PD129337 further increased the cholesterol level together with these ABC
inhibitors, but it did not enhance ATP depletion or caspase 3/7 activation (Fig 5A). MBCD
reduced the cholesterol level and suppressed the effects on the ATP level and on the caspase
3/7 activity (Fig. 5A, 5B). Several other combinations of ABC transporter inhibitors and
PD129337 increased the cholesterol level, but had little or no effect on the ATP level or on
the caspase 3/7 activity (Fig. 5A, 5B). Cholesterol accumulation was necessary for ATP
depletion and for caspase activation by these ABC inhibitors, but it was not sufficient for
cytotoxicity. It is possible that the accumulation of other steroids or cholesterol metabolites
requires all three ABC transporter inhibitors, and is necessary for their cytotoxicity.

Cytotoxicity of ATR-101 in combination with ABC transporter inhibitors and
substrates

We investigated if the potency of ATR-101 was enhanced when it was applied in
combination with compounds that targeted individual ABC transporters. We tested ATR-
101 in combination with individual ABC transporter inhibitors and substrates at
concentrations that were not cytotoxic when tested separately. ATR-101 in combination
with glibenclamide did not increase the efficiency of ATP depletion (Fig. 5C, S5B). In
contrast, ATR-101 in combination with each of benzamil, cyclosporin A, verapamil and
rhodamine 123 caused ATP depletion at concentrations that did not deplete ATP
individually (Fig. 5C, S5B). ATR-101 and the MDR1 substrate rhodamine-123 in
combination reduced the ATP level of H295R cells at concentrations that were 10-fold and
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5-fold lower than the ATR-101 and rhodamine-123 concentrations that were required to
reduce the ATP level separately (Fig. 5C, S5B). MBCD suppressed ATP depletion by ATR-
101 in combination with these ABC transporter inhibitors and substrates, suggesting that
ATP depletion by these combinations of inhibitors required cholesterol accumulation (Fig.
S5B). The potency of ATR-101 can therefore be enhanced by combining it with individual
ABC inhibitors or substrates.

Roles of steroids and steroidogenesis in ATR-101 cytotoxicity

ATR-101 inhibition of MDRL1 is predicted to cause the accumulation of steroids and
other products of cholesterol metabolism. We examined the effects of several structurally
dissimilar inhibitors of steroidogenic enzymes on ATP depletion by ATR-101. Most of
these inhibitors reduced ATP depletion by ATR-101, suggesting that steroid accumulation
contributed to ATR-101 cytotoxicity (Fig. 6A). The concentrations of the inhibitors that
reduced ATP depletion by ATR-101 were consistent with their inhibitory coefficients for
specific steroidogenic enzymes (Takahashi et al., 1990; Johansson et al., 1998; Garrido et
al., 2014). The reduction of ATP depletion by ATR-101 when it was combined with any
one of several different inhibitors of steroidogenesis is consistent with the hypothesis that
steroid accumulation contributes to ATR-101 cytotoxicity.

To investigate potential mechanisms whereby steroid accumulation could contribute
to ATR-101 cytotoxicity, we tested the effects of ATR-101 in combination with 33-(2-
diethylaminoethoxy)-5-androsten-17-one (U18666A). ATR-101 and U18666A in
combination caused a greater than additive increase in cholesterol accumulation (Fig. 6B).
ATR-101 and U18666A in combination also caused ATP depletion at concentrations that
had no detectable effect on the ATP level separately (Fig. 6C). MBCD suppressed ATP
depletion by ATR-101 in combination with U18666A, suggesting that their combined effect
on the ATP level required cholesterol accumulation (Fig. 6D). U18666A as well as
endogenous steroids can inhibit cholesterol trafficking, suggesting that steroid accumulation

could contribute to ATR-101 cytotoxicity by inhibiting cholesterol trafficking.
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Effects of ATR-101 on ABC transporter and steroidogenic gene transcription

We investigated the effects of ATR-101 on transcription of genes whose products
modulate cholesterol levels and steroidogenesis. ATR-101 reduced the levels of ABCAL,
ABCG1 and IDOL transcripts within an hour after addition to H295R cells (Fig. 7A).
Transcription of these genes was repressed by lower ATR-101 concentrations than were
required for the cytotoxic effects of ATR-101 or for the activation of CHOP transcription,
indicating that their repression was not due to general cell stress. Similar changes in
transcript levels were observed 4 and 8 hours after ATR-101 addition. The levels of several
steroid biosynthetic gene transcripts, including SULT2A1, HSD3B2 and CYP17A1 were
reduced in cells cultured with ATR-101 (Fig. 7B).

PD129337 and ATR-101 had equivalent effects on the levels ABCA1 as well as
ABCG1 transcripts (Fig. S7TA). They repressed transcription of these genes by mechanisms
that were distinct from the selective inhibition of cholesterol and cortisol export by ATR-
101. The transcription of ABCAL, ABCGL1 and IDOL genes is activated by liver X receptor
complexes in response to hydroxysterol binding (reviewed inWollam and Antebi, 2011).
Molecular dynamics simulations predicted that ATR-101 and PD129337 can bind to the
ligand binding pocket of liver X receptor a (Fig. S7B). ATR-101 and PD129337 binding to

liver X receptor o could displace hydroxysterol ligands in a manner similar to that which has

been described for unsaturated fatty acids (Ou et al., 2001).

Discussion

Adrenocortical carcinoma has a poor prognosis in most cases because no existing
drugs can halt tumor growth indefinitely and because the high levels of circulating steroids
that are produced by many tumors suppress immune responses and disrupt other
physiological functions. Current combination treatments that are used to counteract tumor
growth and to suppress excess steroid production are plagued by adverse effects, treatment
resistance, and drug interactions that can compromise efficacy. Compounds that counteract
both tumor growth and steroid production would provide new treatment options for ACC

patients. The cytotoxic cholesterol accumulation and the inhibition of cortisol secretion that
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are caused by ATR-101 demonstrate that a single agent can inhibit ACC cell viability and
steroid production.

ATR-101 inhibited cholesterol efflux and cortisol secretion with rapid Kinetics at a
concentration that caused ATP depletion and caspase activation. The suppression of ATR-
101 cytotoxicity through the sequestration of cholesterol by MBCD, and through the
enhancement of cholesterol crystallization by exogenous cholesterol, indicates that
cholesterol accumulation is necessary for ATR-101 cytotoxicity.

The increased effects of ATR-101 and U18666A in combination on the cholesterol
and ATP levels were consistent with a role of cholesterol trafficking in ATR-101
cytotoxicity. Both the intracellular trafficking of cholesterol between different cell
membranes as well as cholesterol efflux to lipoprotein particles are regulated by ABC
transporters (Debry et al., 1997; Luker et al., 1999; Wang et al., 2007; Out et al., 2008;
Tarling and Edwards, 2011; Yamauchi et al., 2015). Because of the close relationship
between cholesterol trafficking and efflux, our data do not distinguish whether ATR-101
inhibited these processes independently, or if the inhibition of cholesterol trafficking and
efflux were interdependent consequences of ABC transporter inhibition.

The rapid inhibition of cortisol secretion and doxorubicin clearance by ATR-101
suggest that ATR-101 inhibited MDR1 activity. ATR-101 administration reduces the levels
of circulating steroids in mice with ACC cell xenografts and in dogs stimulated with ACTH
(Cheng et al., 2016; LaPensee et al., 2016). Some MDRL1 inhibitors reduced circulating
corticosteroid levels in clinical trials, suggesting that MDR1 inhibition can reduce steroid
secretionin man (Guthrie et al., 1983; Shapiro et al., 1990; Kobayashi et al., 1996). The
simultaneous accumulation of cholesterol and inhibition of steroid secretion caused by ATR-
101 can potentially provide dual benefits to ACC patients. To our knowledge, ATR-101 is
the first compound that has been found to inhibit both cholesterol and cortisol export.

The similar cytotoxicity of ATR-101 and of combinations of ABC transporter
inhibitors that inhibit ABCA1, ABCG1 and MDR1 is consistent with the hypothesis that
ATR-101 cytotoxicity requires the simultaneous inhibition of multiple pathways that can

facilitate cholesterol efflux or metabolism (Fig. 8). Cholesterol accumulation was necessary
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for ATP depletion both by ATR-101 and by combinations of ABC transporter inhibitors.
However, cholesterol accumulation was not sufficient for ATP depletion. The differences in
cytotoxicity among different combinations of ABC transporter inhibitors could be due to the
distinct distributions of cholesterol, or to effects that are independent of cholesterol
accumulation. The multiple molecular and cellular mechanisms that mediate ATR-101
cytotoxicity can account for the tissue and cell type specificity of its adrenalytic activity.

ATR-101 inhibits mitochondrial oxidative phosphorylation and causes the release of
reactive oxygen in ACC-derived cells (Cheng et al., 2016). Both cholesterol accumulation
and mitochondrial dysfunctions are necessary for ATR-101 cytotoxicity since compounds
that prevent either of these effects suppress ATR-101 cytotoxicity. Previous studies have
shown that disruptions to cholesterol trafficking can affect mitochondrial membrane
potential, FLFO-ATPase activity and ATP levels in mouse brain and neurons (Yu et al.,
2005). -Conversely, perturbations to mitochondrial functions can affect steroidogenesis and
cholesterol efflux (Midzak et al., 2011; Graham, 2015). It is possible that ATR-101 causes
cholesterol accumulation and mitochondrial dysfunctions by independent mechanisms, or
that the effects of ATR-101 on these processes are interrelated.

Disruptions to cholesterol trafficking and metabolism underlie several pathological
conditions that are characterized by cholesterol accumulation. StAR mutations cause
congenital lipoid adrenal hyperplasias that are associated with a marked reduction in
steroidogenesis and elevated cholesterol levels in steroidogenic cells (Sahakitrungruang,
2015). ‘Mutations in Niemann-Pick type C (NPC) intracellular cholesterol transporters or
lysosomal-acid lipase cause NPC, Wolman, and cholesterol ester storage diseases that are
associated with impaired cholesterol trafficking and increased cholesterol accumulation in
many tissues (Vanier, 2010; Porto, 2014). A combination of genetic and dietary factors
cause atherosclerosis that is associated with elevated serum cholesterol and cholesterol
accumulation in macrophage foam cells and vascular smooth muscle cells (Buja et al., 1979)
. CYP46A1 depletion in the striatum of mice mimics Huntington’s disease phenotypes and
increases the cholesterol level in the brain (Boussicault et al., 2016). Cholesterol
accumulation is therefore toxic to adrenocortical as well as other cells under physiological

conditions.
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ATR-101 has relatively low potency in assays of cytotoxicity in ACC cells,
xenograft suppression in nude mice, and adrenalytic activity in guinea pigs. The increased
cytotoxicity of ATR-101 in combination with MDR1 and ABCG1 suggests that the low
efficiencies of MDR1 and ABCGL1 inhibition by ATR-101 limited its potency. The
enhancement of ATR-101 potency by compounds with mechanisms of action that overlap
those that were required for ATR-101 cytotoxicity suggests that higher potency and
potentially improved therapeutic efficacy can be achieved by combining compounds with
complementary mechanisms of cytotoxicity and adrenalytic activity.
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Figure 1. Effects of ATR-101 versus PD129337 on cholesterol accumulation, cholesterol
esterification, ATP levels and caspase 3/7 activities in ACC-derived cells.
A) Time-dependence of the effect of ATR-101 on the cholesterol levels in H295R cells. The

cells were cultured with DMSO vehicle or with 60 uM ATR-101 for the times indicated

above the images. The images show filipin I11 binding to cholesterol in fields containing

5,500-7,800 cells. The scale bars denote 100 um. The fluorescence intensities of the cell

populations and the statistical significance of the differences are shown in Figure S1A.
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B) Time-dependence of the effects of ATR-101 on the ATP levels and on the caspase 3/7
activities in H295R cells. The cells were cultured with DMSO vehicle or with 100 uM
ATR-101 for the indicated times. The ATP levels (left graphs) and the caspase 3/7 activities
(right graphs) were measured in cells that were grown in parallel. The graphs show the
means and the standard deviations of five samples from three experiments. The statistical
significance of the differences in ATP levels and the caspase 3/7 activities at each time after
ATR-101 addition were evaluated by using two-way analysis of variance followed by
Sidak’s post hoc tests (ATR-101 vs. DMSO control, *P < 0.05).

C) Effects of ATR-101 versus PD132997 on the cholesterol levels in H295R and BD140C
cells. H295R (upper images) and BD140C (lower images) cells were cultured with DMSO
vehicle, ATR-101, or PD129337 at the indicated concentrations for 4 h. The images show
filipin I binding to cholesterol, and are representative of images collected in two separate
experiments for each cell line. The scale bars denote 10 um. The full fields from which the

images were cropped are shown in Figure S1D.

D) Effects of different concentrations of ATR-101 versus PD132997 on the ATP levels and
caspase activities in H295R and BD140C cells. H295R (upper panels) and BD140C (lower
panels) were cultured with the indicated concentrations of ATR-101 or PD129337 for 4 h.
The ATP levels (left graphs) and the caspase 3/7 activities (right graphs) were measured in
cells that were grown in parallel. The graphs show the means and the standard deviations of
eight samples from four experiments and five samples from three experiments in H295R and
BD140C cells, respectively. The statistical significance of the differences in ATP levels and
the caspase 3/7 activities of cells that were cultured with different compounds were
evaluated by using two-way analysis of variance followed by Sidak’s post hoc tests (ATR-
101 vs. PD129337, *P < 0.05). The ATP levels and the caspase activities of H295R and
BD140C cells that were cultured with ATR-101 versus PD132997 for 24 hours are shown in
Figure S1B.
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E) Effects of ATR-101 versus PD129337 on cholesterol esterification in H295R and
BD140C cells. H295R (upper images) and BD140C (lower images) cells were cultured with
DMSO vehicle, or with the indicated concentrations of ATR-101 or PD129337 for 2 h,
followed by an additional 2 h after the addition of 1 ug/ml NBD-cholesterol. The images
show NBD-cholesterol ester (green) and Hoechst (blue) fluorescence and are representative
of images collected in five separate experiments for each cell line. The scale bars denote 30
um. The effects of different concentrations of ATR-101 and of PD129337 on cholesterol
esterification are shown in Figure S1C. The full fields from which the images were cropped

are shown in Figure S1E.
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Figure 2. Effects of MBCD and of exogenous cholesterol in combination with ATR-101
on cholesterol accumulation and on cytotoxicity.

A. Effects of MBCD and ATR-101 separately and in combination on the cholesterol levels in
H295R cells. The cells were cultured with DMSO vehicle (upper images) or with 100 uM
ATR101 (lower images), alone (left images) or together with of 2 mM MBCD (right images)
for 4 h. The images show filipin 111 binding to cholesterol, and are representative of images
from four separate experiments. The cholesterol levels of H295R cells that were cultured

with ATR-101 and MBCD for 24 h are shown in Figure S2A. The full fields from which the
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images were taken are shown in Figure S2J. Representative phase contrast images of fields
of cells that were cultured with ATR-101 and MBCD separately and in combination are

shown in Figure S2E. The scale bars denote 10 pm.

B. Effects of MBCD on ATP depletion and caspase 3/7 activation by ATR-101 in H295R
cells. The cells were cultured with DMSO vehicle or 50 uM ATR-101 together with the
indicated concentrations of MBCD for 4 h. The ATP levels (left graphs) and the caspase 3/7
activities (right graphs) were measured in cells that were grown in parallel. The graphs
show the means and the standard deviations of six samples from three experiments. The
statistical significance of the differences in ATP levels and the caspase 3/7 activities in cells
cultured with each concentration of MBCD were evaluated by using one-way analysis of
variance followed by Dunnett’s post hoc tests (cells cultured with MBCD vs. corresponding
controls, *P < 0.05). The ATP levels and the caspase 3/7 activities of cells that were
cultured with ATR-101 and MBCD for 24 h are shown in Figure S2B.

C. Effects of exogenous cholesterol and ATR-101 separately and in combination on the
intracellular cholesterol levels in H295R cells. The cells were cultured with DMSO vehicle
(upper images) or with 50 uM ATR-101 (lower images) together with ethanol control (left
images)or 10 uM exogenous cholesterol (right images) for 4 h. The images show filipin 111
binding to cholesterol, and are representative of two separate experiments. The scale bars
denote 10 um. The levels of intracellular cholesterol in H295R cells that were cultured with
ATR-101 and exogenous cholesterol for 24 h are shown in Figure S2A. The full fields from
which the images were cropped are shown in Figure S2K. Representative phase contrast
images of cells that were cultured with ATR-101 and exogenous cholesterol separately and

in combination are shown in Figure S2E.

D. Effects of exogenous cholesterol on ATP depletion and caspase 3/7 activation by ATR-
101 in H295R cells. The cells were cultured with DMSO vehicle or 50 uM ATR-101
together with the indicated concentrations of exogenous cholesterol for 24 h. The ATP
levels (left graph) and the caspase 3/7 activities (right graph) were measured in cells that

were grown in parallel. The graphs show the means and the standard deviations of five
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samples from three experiments. The statistical significance of the differences in ATP levels
and the caspase 3/7 activities in cells that were cultured with each concentration of
exogenous cholesterol were evaluated by using one-way analysis of variance followed by
Dunnett’s post hoc tests (cells that were cultured with exogenous cholesterol vs.
corresponding controls, *P < 0.05). The ATP levels and the caspase 3/7 activities of H295R
cells that were cultured with ATR-101 and exogenous cholesterol for 4 h are shown in
Figure S2C.

E. Cholesterol crystallization at the plasma membrane of cells cultured with ATR-101.
H295R cells were cultured with 40 uM ATR-101 for 24 h and were imaged using phase

contrast microscopy. The scale bar denotes 10 pum.

F. Comparison of the amounts of extracellular cholesterol that were associated with H295R
cells that were cultured with ATR-101 and exogenous cholesterol separately and in
combination (left graph), and the amount of cholesterol effluxed from control cells (right
graph). The cells were cultured for 4 h in serum-containing medium containing 100 uM
ATR-101 or 40 uM cholesterol separately and in combination. The culture medium was
removed, and the extracellular cholesterol that was associated with the cells was recovered
by washing the cells using an equal volume of serum-free medium with (solid bars) or
without (open bars) 50 uM glibenclamide. The amounts of total cholesterol in the wash
media were measured (left graph). The amount of cholesterol effluxed from cells was
measured by removing the medium and adding an equal volume of serum-free medium to
control cells. The serum-free medium was removed at the times indicated, and the amounts
of total cholesterol were measured (right graph). The statistical significance of the
differences in the cholesterol levels associated with cells that were cultured with ATR-101 or
exogenous cholesterol without glibenclamide (left graph) as well the cholesterol levels in the
medium of control cells (right graph) were evaluated by using one-way analysis of variance
followed by Dunnett’s post hoc tests (left graph: cells cultured with ATR-101 and/or
cholesteral vs. cells cultured with DMSO; right graph: cells cultured for different times vs.
controls at time 0, *P < 0.05).
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Figure 3. Effects of ATR-101 on cholesterol trafficking and efflux.

A. Effects of ATR-101 and MBCD separately and in combination on the cholesterol levels in
H295R cells that were cultured for 4 h in serum-free medium. The medium of cells that
were cultured under standard conditions was replaced with serum-free media containing
apoA-I1 with either DMSO vehicle (upper images) or 100 uM ATR-101 (lower images),
alone (left images) or in combination with of 4 mM MBCD (right images). The images
show filipin 111 binding to cholesterol, and are representative of two separate experiments.
The full fields from which the images were cropped are shown in Figure S3B. The scale

bars denote 10 um.
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B. Effects of MBCD on ATP depletion and caspase 3/7 activation by ATR-101 in H295R
cells that were cultured in serum-free medium. The cells were cultured as described in part
A and the ATP levels and caspase 3/7 activities were measured. The graphs show the means
and the standard deviations of eight samples from four experiments and six samples from
three experiments for the ATP and caspase 3/7 assays, respectively. The statistical
significance of the differences in ATP levels and the caspase 3/7 activities in cells that were
cultured with ATR-101 in the presence or the absence of MBCD were evaluated by using
unpaired two-tailed Student’s t-tests (cells cultured with MBCD vs. corresponding controls,
*P < 0.05).

C. Effects of ATR-101 on the rates of cholesterol efflux and on the ATP levels of H295R
cells during culture in serum-free medium. The medium of cells that were cultured under
standard conditions was replaced with serum-free medium containing apoA-I with DMSO
vehicle or 100 uM ATR-101. At the indicated times, the cholesterol level in the medium
(upper graph) and the ATP level in the cells (lower graph) were measured. The graphs show
the means-and standard deviations of six samples from two experiments. The statistical
significance of the differences in the cholesterol concentrations in the medium and the ATP
levels of cells that were cultured for the indicated times with ATR-101were evaluated by
using two-way analysis of variance followed by Sidak’s post hoc tests (ATR-101 vs. DMSO
control, *P < 0.05).

D. Effects of ATR-101 and of ABC transporter inhibitors on cholesterol efflux and on the
ATP levels of H295R cells during culture in serum-free medium. The levels of cholesterol
in the medium (upper graph) and of cellular ATP (lower graph) were measured in the same
cultures 4 h after replacing the standard culture medium with serum-free media containing
apoA-I and the indicated concentrations of ATR-101, PD129337, glibenclamide , benzamil,
or verapamil. The graphs show the means and standard deviations of six samples from three
experiments for cells cultured with ATR-101, PD129337, or glibenclamide and two samples
from one experiment for cells cultured with benzamil or verapamil. The statistical
significance of the differences in cholesterol concentrations in the medium and the ATP
levels of cells that were cultured with the indicated concentrations of ATR-101, PD129337,
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or glibenclamide were evaluated by using one-way analysis of variance followed by
Dunnett’s post hoc tests (cells cultured with ABC inhibitors vs. cells cultured with DMSO,
*P <0.05).

E. Effects of ATR-101 in combination with olesoxime on cholesterol efflux and on the ATP
levels in H295R cells. The cells were cultured with the indicated concentrations of ATR-101
alone or ATR-101 in combination with 40 uM olesoxime for 4 h. The media were replaced
with serum-free medium containing apoA-I, and the levels of cholesterol in the medium
(upper graph) and of cellular ATP (lower graph) were measured after incubation for an
additional 4 h. The graphs show the means and standard deviations of six samples from two
experiments and nine samples from three experiments for the cholesterol efflux and ATP
assays, respectively. The statistical significance of the differences in cholesterol
concentrations in the medium and the ATP levels of cells that were cultured with ATR-101 in
the presence versus the absence of olesoxime were evaluated using two-way analysis of
variance followed by Sidak’s post hoc tests (cells cultured with AT-101 and olesoxime vs.

corresponding controls without olesoxime *P < 0.05).
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Figure 4. Effects of ATR-101 on cortisol efflux and on doxorubicin accumulation.

compound (uM)

A. Effects of ATR-101 on the rate of cortisol secretion from H295R cells cultured with or
without forskolin. The medium of the cells was replaced with media containing DMSO
vehicle or 100 uM ATR-101 alone, or together with 100 uM forskolin. The cortisol levels in
the media were measured at the times indicated. The graph shows the means and the
standard deviations of five samples from two experiments. The statistical significance of the
differences in the cortisol concentrations in the medium of cells that were cultured in the
absence and in the presence of ATR-101 for the indicated times were evaluated by using
two-way analysis of variance followed by Sidak’s post hoc tests (cells cultured with DMSO
vs. cells cultured with ATR-101 , *P < 0.05).

B. Effects of ATR-101 and of PD129337 on cortisol secretion and on ATP levels. The
medium of H295R cells was replaced with media containing the indicated concentrations of
ATR-101 or PD129337, and the levels of cortisol in the media (upper graph) and of ATP in

the cells (lower graph) were measured in the same cultures after 4 h. The graphs show the
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means and the standard deviations of six samples from two experiments and five samples
from two experiments for the cortisol secretion and ATP assays, respectively. The statistical
significance of the differences in the cortisol concentrations in the medium and the ATP
levels in the cells that were cultured with the indicated concentrations of the compounds
were evaluated by using two-way analysis of variance followed by Sidak’s post hoc tests
(ATR-101 or PD129337 vs. DMSO control, *P < 0.05).

C. Effects of ATR-101 in combination with exogenous cholesterol or a-tocopherol on
cortisol secretion and ATP depletion. The medium of H295R cells was replaced with media
containing the indicated concentrations of ATR-101 together with vehicle, 40 uM exogenous
cholesterol, or 40 uM a-tocopherol. The levels of cortisol in the media (upper graph) and of
ATP in the cells (lower graph) were measured in the same cultures after 4 h. The graphs
show the means and the standard deviations of six samples from two experiments. The
statistical significance of the differences in the cortisol concentrations in the medium and the
ATP levels in the cells that were cultured with each concentration of ATR-101 alone or in
combination with cholesterol or a-tocopherol were evaluated by using one-way analysis of
variance followed by Dunnett’s post hoc tests (cells cultured with ATR-101 vs.
corresponding controls without ATR-101 , *P < 0.05).

D. Effects of ATR-101 and MBCD separately and in combination on doxorubicin
accumulation in H295R cells. The cells were cultured in the presence of 25 uM doxorubicin
together with DMSO vehicle (upper images) or 100 uM ATR-101 (lower images) alone (left
images) or in combination with 4 mM MBCD (right images). The levels of doxorubicin in
the cells were imaged by fluorescence microscopy after 2 h. The images show doxorubicin
fluorescence and are representative of images from two separate experiments. The scale

bars denote 200 pum.
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Figure 5. Combined effects of ABC transporter inhibitors and of ATR-101 on ATP
levels, caspase 3/7 activities and cholesterol levels in H295R cells.

A. Effects of different combinations of ABC transporter inhibitors on the ATP level and on
the caspase 3/7 activity of H295R cells. The cells were cultured in serum-free media
containing 50 uM each of the indicated combinations of glibenclamide (G), benzamil (B)
and zosuquidar (Z), 10 uM PD129337 (P), and 4 mM MBCD (B) for 4 h. The ATP levels
(upper graph) and caspase 3/7 activities (lower graph) were measured in parallel cultures.
The graphs show the means and the standard deviations of six samples from three
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experiments. The statistical significance of the differences in ATP levels and caspase 3/7
activities of cells that were cultured with different combinations of ABC inhibitors were
evaluated by using one-way analysis of variance followed by Dunnett’s post hoc tests (cells
cultured with ABC inhibitors vs. cells cultured with DMSO, *P < 0.05).

B. The cholesterol levels of H295R cells that were cultured as described in panel A were

visualized by filipin 111 binding. The scale bars denote 30 um.

C. Effects of ATR-101 in combination with glibenclamide , benzamil, cyclosporine A, or
rhodamine 123 on the ATP levels of H295R cells. H295R cells were cultured with DMSO
vehicle or 20 uM ATR-101 together with the indicated concentrations of glibenclamide ,
benzamil, cyclosporin A, or rhodamine 123. The ATP levels were measured 4 h after
addition of each compound, and were obtained in separate experiments. The graphs show
the means and standard deviations of six samples from three experiments. The statistical
significance of the differences in the ATP levels of cells that were cultured with each
concentration of the ABC inhibitors or substrate alone or in combination with ATR-101 were
evaluated by using one-way analysis of variance followed by Dunnett’s post hoc tests (cells
cultures with glibenclamide, benzamil, cyclosporine A, or rhodamine 123 vs. corresponding
controls, *P. < 0.05).
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Figure 6. Effects of steroids and inhibitors of steroidogenesis on ATR-101 cytotoxicity
A. Effects of inhibitors of steroidogenic enzymes on ATP depletion by ATR-101 in H295R
cells. The cells were cultured with 35 uM ATR-101 or DMSO vehicle together with
different concentrations the indicated inhibitors of steroidogenesis. The ATP levels of the
cells'were measured after 4 h. The graph shows the ratio between the ATP levels of cells
that were cultured with each concentration of each inhibitor together with ATR-101 versus
cells that were cultured with the same concentration of each inhibitor alone. Each data point
represents the mean and the standard deviation of two pairs of cell cultures grown with and

without ATR-101. The data prior to calculation of the ratios are shown in figure S6A.
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B. Effects of ATR-101 and U18666A on the cholesterol levels in H295R cells. The cells
were cultured with 20 uM ATR-101 and 8 uM U18666A, separately and in combination in
serum-free medium. The images show filipin I11 binding to cholesterol, and are

representative of two separate experiments. The scale bars denote 30 pum.

C. Combined effects of ATR-101 and U18666A on the ATP level of H295R cells. The cells
were cultured with DMSO vehicle or the indicated concentrations of U18666A and ATR-101
in serum-free medium for 4 h and the ATP levels were measured. The graph shows the
means and standard deviations of six samples from three experiments. The statistical
significance of the differences in the ATP levels of cells that were cultured with ATR-101
together with each U18666A concentration were evaluated by using two-way analysis of
variance followed by Dunnett’s post hoc tests (ATR-101 with U18666A vs. U18666A alone,
*P < 0.05).

D. Effects of MBCD on ATP depletion by the combined effects of ATR-101 together with
U18666A. The cells were cultured with 20 uM ATR-101 and 10 uM U18666A, separately
and in combination, in the absence and in the presence of 2 mM MBCD in serum-free
medium. The graph shows the means and the standard deviations of six samples from three
experiments. The statistical significance of the differences in the ATP levels were evaluated
using unpaired two-tailed Student’s t-tests (cells cultured with ATR-101 and/or U18666A
together with MBCD vs. corresponding controls without MBCD, *P < 0.05).
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Figure 7. ATR-101 effects on the transcription of genes that affect cholesterol and
steroid levels.

A. Effects of ATR-101 on ABCA1, ABCGL, IDOL and CHOP transcript levels. The levels

of the transcripts indicated in each graph were measured in cells that were cultured with the
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concentrations of ATR-101 indicated at the bottom of the figure for 1 h. The transcript
levels were normalized by the RPL9 transcript levels. The graphs show the means and the
standard deviations of five samples from four experiments. The statistical significance of
the differences in transcript levels of cells that were cultured with each concentration of
ATR-101 were evaluated by using one-way analysis of variance followed by Dunnett’s post
hoc tests (cells cultured with ATR-101 vs. cells cultured with DMSO, *P < 0.05)

B. Effects of ATR-101 on steroidogenic gene transcription. The levels of the transcripts
indicated in-each graph were measured in cells that were cultured for the times indicated at
the bottom of the figure with the concentrations of ATR-101 indicated by the symbols shown
at the top of the figure. The transcript levels were normalized by the RPL9 transcript levels.
The graphs show the means and the standard deviations of two samples from two
experiments. The statistical significance of the differences in transcript levels were
evaluated by using one-way analysis of variance followed by Dunnett’s post hoc tests
(samples with each concentration of ATR-101 vs. samples without ATR-101, n=8, *P <
0.05).
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Figure 8. Model for the mechanisms whereby ATR-101 causes cytotoxic cholesterol
accumulation in ACC cells. The ovals at the center of the diagrams represent cholesterol
trafficking (perimeter) and cholesterol accumulation (area) in cells in the absence (left) and

in the presence (right) of ATR-101. CE: cholesterol esters.
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